From a response standpoint, the study suggests that operational effectiveness requires predetermined contra-flow strategy plans with designated and well-trained personnel, rather than just reacting to a security event in real-time.
Introduction
Contemporary research in evacuation planning has modeled and proposed solutions for several aspects of the evacuation problem (Sheffi et al. 1982 , Southworth 1991 , Wolshon 2001 , Cova and Johnson 2003 , Tuydes and Ziliaskopoulos 2004 , Kwon and Pit 2005 Mahmassani 2006, Kalafatas and Peeta 2006) . The studies have addressed the optimal routing and allocation of contra-flow options for specific population sizes and spatial distributions of origin-destination (O-D) demand. However, this problem is computationally burdensome (Li et al. 2003, Tuydes and Ziliaskopoulos 2006) and has been proven to be NP-Hard (Johnson et al. 1978 ). Hence, a comprehensive sensitivity analysis is a challenging proposition because of the computational requirements involved as well as the need for exact knowledge on all parameters of each evacuation scenario. However, not all parameters of the evacuation scenario are readily available a priori, at least currently. This suggests the need for extensive sensitivity analysis so as to provide emergency response planners useful insights to develop response deployment plans, which motivates the need for a computationally efficient formulation.
The study formulation derives from the authors' previous work (Kalafatas and Peeta, 2006 ) based on the cell transmission model (Daganzo 1994 (Daganzo , 1995 . It differs in that a mathematical transformation is proposed for extensive sensitivity analysis, as described later. Kalafatas and Peeta (2006) proposed an exact formulation for the evacuation network design problem (ENDP) to augment network capacity under a budget constraint so as to enhance operational performance under a security threat. They considered contra-flow strategies and lane additions as the network design options for capacity augmentation. However, the formulation is computationally burdensome and cannot enable extensive sensitivity analysis at a strategic planning level; strategic planning requires a significant number of experiments in order to capture the uncertainty on the exact values of problem parameters (for instance, the size and the spatial distribution of the population).
The experiments performed in the current study focus only on the contra-flow option for capacity augmentation. Each contra-flow option is associated with budgetary costs and number of trained personnel requirements. However, data on budget and personnel needs for contra-flow options require a dedicated study on the part of the responsible transportation agency. Hence, these data are difficult to obtain currently, though this may not be an issue in the future as security/disaster preparedness plans become more commonplace. To circumvent this issue, the budget and trained personnel constraints are substituted by an equivalent constraint on the number of contra-flow options allowed: the number of reversed links (RL). Reversed links are links in which at least one lane has its traffic flow direction reversed so as to enhance the capacity of traffic flow in the opposite direction. Hence, the number of reversed links allowed is used as a proxy for the budget and number of trained personnel required for the corresponding contra-flow option.
Another characteristic of the model is the use of a static traffic signal control strategy, whereby a single phase operates at an intersection for the entire evacuation period. Since evacuation can lead to near-gridlock conditions, our strategy allows flow at any intersection on only one of multiple conflicting right-of-ways. Hence, crossing flows are precluded when determining the capacity enhancements to optimize operational performance. The actual flow direction (for example, north-south or east-west) at each intersection is determined as part of the optimization process. The resulting re-designed network is time-invariant, which on one hand it indicates a straight forward planning/application proposal to planners, emergency officers and practitioners, and on the other hand it is not capable of directly modeling time-depending link capacities.
The paper is organized as follows. The mathematical transformation methodology of the Kalafatas and Peeta (2006) formulation is summarized here in terms of the properties that allow the efficient formulation for the ENDP as well as the associated mathematical program of the formulation. Then, the experiment setup for the study experiments is described, including the description of the test network, the selected scenario sets, and the computational resources used.
The first scenario set addresses the impact of the magnitude of the available budget resources on evacuation response performance. The second set analyzes the effect of the evacuee population size, which is also used as a proxy for problem size, to obtain insights on how the formulation scales. The third set studies the impact of the quantity and the spatial distribution of the evacuation O-D demand. Other scenario sets, not examined in the present study, like traffic conditions at the time of evacuation or other combinations of the above scenarios, can attract the interest of specialized evacuation planners. It is exactly this need that motivates the computationally efficient formulation introduced in this paper; the need to evaluate and draw insights from multiple potential situations in a timely manner. The paper concludes with a summary of the key insights on evacuation planning obtained through the sensitivity analyses.
Methodology
The primary barriers to efficient sensitivity analysis in the evacuation planning problem context are its time-dependent nature, complexity, and large size in terms of network topology and population. Initially, the authors proposed an exact mixed-integer time-dependent formulation (Kalafatas and Peeta 2006) based on the cell transmission model for the evacuation network design problem. However, given the NP-Hard nature of the problem, the solutions for various instances (scenarios) required computational times of the order of days before optimality was achieved. This motivated the need to develop a more efficient formulation.
Traffic flow characteristics and the planning focus of the evacuation problem of interest were used to develop a more efficient formulation. The key observation which led to the new efficient formulation is that the maximum capacity is achieved at free-flow speed conditions in the flow-density relationship of the cell transmission model (Fig. 1) . While this is not necessarily true as per the Highway Capacity Manual (Highway Capacity Manual 2000) , it is a reasonable and convenient assumption for planning applications due to their long-term focus. That is, the planning stage of the evacuation problem is focused primarily on generating action plans that allow the strengthening of the evacuation preparedness in the intermediate stage. For example, a key planning objective could be the identification of network links where capacity should be added strategically to enhance the expected evacuation-related performance under an actual disaster. Hence, traffic need not be assigned at traffic densities greater than the traffic density where maximum flow is achieved. This leads to better bounds for the variables representing traffic density. Also, the modeling of backward propagating traffic waves becomes redundant under low traffic densities. Under these conditions, a time-expanded network representation is revealed (Fig. 2 ) that enables the more efficient formulation.
Extending the aforementioned notion, we assign traffic to intermediate cells up to the minimum traffic density at which maximum flow is achieved. This is because we can still achieve the optimal solution in a stricter solution space, since the traffic density variables have stricter bounds and optimality depends on the maximum flow out of the network rather than the maximum density of individual cells.
Hence, the following propositions aided the development of the more efficient formulation: Proposition 1. Backward propagating traffic waves are not meaningful at traffic densities of light traffic conditions. Therefore, the constraints explicitly handling the backward propagating traffic waves are redundant.
Proposition 2. The maximum occupancy (density) variable in our network design problem becomes equivalent to the maximum flow variable. Hence, in the formulation, the maximum occupancy variable and the associated equation can be eliminated. In summary, since the traffic network in the evacuation zone is expected to be highly congested in an actual scenario, the planning focus is on enhancing capacity to maximize flow out of the evacuation zone, and not on operational routing patterns. Hence, while these propositions may, at times, seem to lack in routing realism vis-à-vis actual evacuation conditions, they are part of the non-inferior frontier of the initial network design formulation. Thus, the propositions are proposed not for the exact representation of the traffic realities of the evacuation problem, but as an efficient mathematical programming transformation which enables the development of a minimum cost flow routing sub-structure for the evacuation planning problem (as illustrated by the modifications to the CTM cell representations in Fig. 2 ), thereby significantly reducing the computational cost. It should be noted here that the insights from the inner graph sub-structure of the evacuation problem represent the stimulus for an exact Graph Theoretic version of the CTM (or GTCTM) proposed by Kalafatas and Peeta (2007) .
The resulting formulation, labeled iENDP, is mathematically described hereafter.
Parameters
The parameters of the formulation are:
B
The total available budget.
The set of all cells.
R C
The subset of source cells (origin cells).
S C
The subset of destination cells.
The set of network design options.
The set of discrete and constant time intervals. 
The maximum number of vehicles that can flow through cell connector j E ∈ .
The set of the successor cells of cell i C ∈ . τ The constant discrete time interval's length.
( ) i
−
Variables
The variables of the formulation are:
The maximum number of vehicles that can flow into or out of cell i C ∈ .
j p
The binary variable indicating whether the flow in cell connector j E ∈ is restricted by an intersection constraint. 
Formulation
The objective of the formulation (1) is to minimize the total time spent in the network.
subject to:
The constraints are discussed here. Constraints (2) to (7) address the traffic flow modeling to route evacuees. Constraints (8) to (12) model the network design options, and constraints (13) to (18) represent the non-negativity and integrality constraints.
Constraints (2) and (3) (2) and (3)) and origin and destination cells ( (4) and (5) propagated to downstream cells. These two statements hold simultaneously due to the mathematical transformation previously described; traffic density is restricted to be less than or equal to the minimum traffic density at which the maximum flow is achieved (Fig. 1, Point P2 ).
It is noted that the occupancy (12) allows at most one crossing flow to be realized at an intersection; it ensures a static traffic signal control strategy where a single phase -green or red -is assigned for the whole planning period.
Finally, constraints (13) to (16) 
Experimental Setup
The test network
The test network for the study is illustrated in Figure 3 The selected 3x4 grid network appears to be topologically small (neighborhood or small district size) in comparison to potential evacuation zones (large districts, metropolitan area).
Nevertheless, when thousands of evacuees are assigned in the selected network, it adequately models evacuation schemes of populated areas under threat, like stadiums, exhibition centers, governmental buildings, and shopping centers, and proposes certain link capacity additions which improve the operational performance of the evacuation operation. Also, the proposed formulation models any topologically large evacuation area and again offers the advantage of significantly reduced computational times, compared to existing formulations Ziliaskopoulos 2004, Kalafatas and Peeta 2006) . It can even solve topologically large evacuation areas with the spatio-temporal decomposition of the mass balance constraints, which is outside the scope of this paper.
Design of experiments
There are three major scenario sets according to the three major parameters studied. They are: (i) the number of reversed links, (ii) population size, and (iii) the spatial distribution of evacuation O-D demand. The characteristic parameters of each scenario type are summarized in Table 3 .
The first scenario set examines the effect of different levels of resource allocation for the network design options. Only contra-flow operations are assumed as a network design option, and the resource allocation is quantified by using the number of reversed links as a proxy. Hence, reversed links ranging from 0 to 20 are examined for a uniform distribution of 5000 evacuees to 20 sources. It is expected that these experiments will provide insights on the "ideal" levels of resource allocation for the decision-makers (or planners). The experiments also analyze the computational time efficiencies.
The second scenario set examines the effect of the population size on the evacuation performance for a constant number of reversed links, acquired after the analysis of the first scenario set. The number of reversed links used is the one which leads to the most improvement in network performance in the first scenario set. For this number of reversed links (eight), population sizes of 500 to 5000 evacuees are assigned to 20 sources.
The third scenario set examines the effect of the spatial distribution of the transportation demand for evacuation. 5000 evacuees are assigned to 1 source, 2 sources uniformly, and 20 sources uniformly and randomly, and routed to 1 destination, 2 destinations, and 4 destinations.
It seeks insights on the topological properties of the selected reversed links. Table 4 illustrates the distribution of demand under the random demand distribution scenario.
The three scenarios are evaluated using the network clearance time (as in Fig. 4, 8 and   11 ), the evacuation rate (as in Fig. 5, 9 and 10), and the graphical view of the test network with the selected reversed links (as in Fig. 6 and 12) . Also, the computational time is analyzed in Figure 7 .
Computational resources
The computing environment consists of a Sun Ultra Enterprise server E6500 with 26 400-MHz UltraSparc II processors under the multi-user Solaris 7 operating environment with 23 GB of RAM, 131 GB of swap space, and 8 MB of cache. The GAMS modeling language and CPLEX's mixed integer solver were used.
Computational Results

Effect of resource allocation on evacuation performance for uniformly distributed population
The network clearance time is used to analyze the network performance under various resource (number of reversed links) constraints, as illustrated in Figure 4 . The initial network of 0 reversed links entails a clearance time of 22 minutes. The corresponding value for 20 reversed links is 14 minutes, representing a 36% reduction in network clearance time. This implies that using the contra-flow option in dense urban environments can lead to significant performance enhancements under security-related mass evacuation scenarios. An important practical insight is that most of the potential benefits through contra-flow operations are realized when 8 reversed links are allocated, which results in a network clearance time of 16 minutes (Fig. 4) . It illustrates that there may be an optimal level of resource allocation beyond which additional benefits are insignificant. This implies that decision-makers (traffic and/or emergency response operators)
can determine effective contra-flow strategies by identifying the best level of resource allocation from a cost-benefit perspective.
The evacuation rate, illustrated in Figure 5 , indirectly illustrates the sigmoid nature of the cumulative network clearance time curve. The evacuation rate (rate of arrivals to the destination cells), representing the tangent of the cumulative curve, initially increases. It reaches a maximum rate, and then keeps decreasing. The various characteristics of the results can be explained by tracking the time-dependent nature of traffic congestion. Initially, the clearance rate increases as demand is being serviced below capacity, that is, the network is not congested to capacity. As further demand is serviced, the network links reach their capacities and that is represented by the region of the stabilized maximum evacuation rate. As time progresses, demand decreases leading to reduced evacuation rates until all traffic is cleared from the evacuation zone. The evacuation rate of evacuees exiting the evacuation zone for various population sizes (under uniform spatial distribution) are illustrated in Figure 9 . It is useful to note that for small evacuee population sizes, the evacuation rate does not reach the network capacity. However, for large population sizes, the maximum capacity of the network is reached and retained constant for a long time period, substantially constraining the evacuation performance. In terms of the solution methodology, this observation also indicates that it is adequate to solve for a population size that activates the bottleneck capacity and not for the potentially millions of the actual evacuees in order to design for the optimal contra-flow options. The observation highlights the direct usage of the minimum-cut maximum-flow theorem for large population sizes that maintains steady-state flows at the bottlenecks for long periods.
Effect of spatial distribution of evacuation demand on network performance
The evacuation rates of evacuees exiting the evacuation zone for various scenarios of spatial distribution under the 6 reversed links case are illustrated in Figure 10 . The examined scenarios are combinations of single or multiple sources and/or destinations, as illustrated in Table 3 .
These scenarios are discrete and cannot be physically examined in a continuous manner. The results suggest that the patterns with multiple sources, multiple destinations, and uniform spatial distributions lead to better clearance times (Fig. 11 ). This trend is reasonable as multiple sources and destinations avoid local congestion hotspots that can occur due to concentration of demand at few locations. Further, as expected, the uniform distribution scenario performs better than the random distribution scenario.
The topology of the selected reversed links is illustrated in Figure 12 . The selected reversed links for contra-flow operations are indicated with thick lines. They indicate that capacity is added where bottlenecks exist. This is easily observed especially in the scenarios with 1 or 2 sources or sinks. It is important to note that for the scenarios with 1-2 sources to many destinations, there exist links that do not reduce bottlenecks, like links 52 and 54 for both scenarios (Fig. 12, part A and B) . That is, the bottleneck has been optimally improved, and the reversal of links 52 and 54 does not provide additional benefits (it simply satisfies the 6 reversed links requirement).
Concluding Comments
This paper presents an extensive sensitivity analysis for the evacuation planning problem. The parameters studied were the magnitude of the available budget, the population size, and the amount and spatial distribution of the evacuation demand. The results suggest that there is a threshold budget beyond which benefits (in terms of the network clearance time) are negligible.
They also indicate that the network clearance time varies linearly with population size. Finally, greater spatial uniformity of O-D demand reduces clearance times, suggesting that specifying multiple destinations in the safety zone may lead to more efficient evacuation in many instances.
The study results consistently suggest the presence of efficient sizes of resource allocation (budget); there is a critical level of resource allocation (in terms of the number of reversed links) beyond which benefits are trivial (in terms of network clearance time). The level of resource allocation is directly related to the resources required to efficiently handling the capacity bottleneck in the studied network. More specifically, it was observed that capacity is allocated to the exact location of the bottlenecks. Under uniformly distributed population, capacity was allocated near the evacuation zone exits leading to the formation of corridors and, eventually, trees. In the case of 1-2 sources or destinations, capacity was allocated to the links in their vicinity. Furthermore, the network clearance time was observed to be linearly related to the population size for the same level of resource allocation. Again, the effect of the activated bottleneck was dominant, especially for large population sizes. Finally, the analysis of the effects of the spatial distribution of the population indicates that uniformity in the spatial distribution and multiple origins/destinations lead to lesser clearance times. This was attributed to the fact that a pattern of distributed demand could avoid local congestion hotspots, therefore utilizing more capacity spatially in the network.
From a response standpoint, the study suggests that operational effectiveness requires pre-determined contra-flow strategy plans with designated and well-trained personnel, rather than just reacting to a security event in real-time in an ad-hoc manner.
In summary, it appears that the capacity bottleneck plays a dominant role for large-scale evacuation problems: (i) it is responsible for the efficient size of resource allocation, (ii) it strongly influences the network clearance time, and (ii) even for different spatially distributed patterns, the location of the capacity bottleneck determines the performance. 
